A s goes history, so goes research: this year, activity in areas of retrovirus research related only indirectly have provoked events that are notable when considered together. Last summer it was reported that a patient in one X-linked severe combined immunodeficiency retroviral vector gene therapy trial had developed leukemia. Now disquietingly, there has been a second such event, and a third patient is reported to have a vector insertion near the same gene (LMO2) as observed in the other two individuals (1) . Meanwhile, in a basic research laboratory, experiments have moved us another step closer to understanding the mechanics of insertion specificity for retrovirus-type integrases (IN). As reported in this issue of PNAS, investigators have produced active retroviruslike elements with synthetic insertion specificities (2) . Dan Voytas and colleagues at Iowa State University (Ames) study the Saccharomyces long terminal repeat (LTR)-retrotransposon Ty5, which targets heterochromatic regions (3) . Now, in an elegant adaptation of the two-hybrid system, the 6-aa Ty5 targeting domain (TD) was exchanged for two heterologous domains shown to mediate interaction of their respective proteins with protein partners. When domains from those partners were produced fused to the LexA DNA-binding domain, targeting to LexA-binding sites was observed. Although integration specificity in the system was by no means absolute, these results are of interest to genetic engineers and future gene therapists.
Interest in the integration patterns of retroviruses is longstanding. Despite the potential danger of deleterious activating or even inactivating insertions, retroviruses present compelling advantages as therapy vectors (reviewed in ref. 4) . Early investigations of oncogenic retrovirus insertion sites in transformed cells showed that insertions were linked to activation of flanking oncogenes or DNaseI hypersensitive sites, leading to the notion that insertion into open chromatin was favored (reviewed in ref. 5 ; see also refs. 6 and 7). The potential for deleterious retrovirus vector insertions fueled investigation into the mechanistic basis of insertion site selection. Development of PCR assays with which significant numbers of retrovirus integration sites could be mapped showed that genomes are broadly accessed by retroviruses, but that there are decidedly nonrandom patterns as well (8) . More recently, large numbers of HIV type 1 (HIV-1) insertions have been mapped and compared with genomewide transcription patterns to globally probe the relationship between gene expression and retrovirus integration (9) . These experiments showed that HIV-1 insertion favors transcribed regions. Nonetheless, the basis of the preference for transcribed regions has been elusive, and examination of at least one transcribed region for effects of transcriptional activity on integration activity have not shown a positive correlation (10) .
At the heart of retroviral integration is the IN. It is a member of the D,D(35)E transposase͞IN superfamily named after its conserved catalytic triad of amino acids. Because of its central role in the retrovirus lifecycle, the function and structure of this enzyme has been studied extensively (reviewed in refs. [11] [12] [13] [14] [15] . Retroviral IN mediates a strand transfer of LTR DNA 3Ј OH ends to staggered positions in the host DNA (16, 17 in vivo (15) and are essential for catalytic activity. The C-terminal domain contributes to oligomerization, has nonspecific DNAbinding activity and is physically similar to the SH3 protein interaction domain. No full-length IN structure has yet been determined at high resolution.
In vivo a retroviral preintegration complex composed of IN bound to the ends of the full-length DNA mediates integration into host DNA. Isolation first of preintegration complexes from infected cells and then production of active, recombinant IN allowed examination of the effect of different target features on integration in vitro. A generalization that has emerged from studies conducted in several laboratories is that bending of DNA favors integration (18) , as do hairpin structures (19) . The former occurs in nucleosomes, which, contrary to expectations, were found to act as preferred targets over nonnucleosomal DNA, both in vitro and in vivo (20) (21) (22) .
The relatively global distribution of retrovirus integration sites stands in interesting contrast to the distinctive insertion preferences of their LTRretrotransposon cousins, the Pseudoviridiae (e.g., Ty1 and Ty5 copialike elements) (23) and the Metaviridae (e.g., Tf1 and Ty3 gypsylike elements) (24) . IN proteins encoded by these elements have the zinc-binding motif, the highly conserved residues of the central domain and the poorly conserved C-terminal domain. The IN proteins of the Pseudoviridae and the Metaviridae differ from each other in the C-terminal domain where the Pseudoviridae have a conserved GKGY motif (23) , and the Metaviridae have a conserved GPF͞Y motif. Some members of the Metaviridae also have a chromodomain (24) .
As a group, the yeast LTR retrotransposons have notable insertion preferences. The specificity of Ty5 for heterochromatin is discussed further below. In budding yeast, the Pseudoviridae Ty1, 2, and 4 reside mostly within 750 bp of the 5Ј ends of tRNA genes (25, 26) . In vivo insertions fall along a gradient beginning at about Ϫ80 bp from the 5Ј coding end of the tRNA gene and extending upstream. Integration appears to rise and fall in a pattern which could correlate with some feature of the nucleosome (27) . The pattern of integration of the Metaviridae element Ty3 is even more restricted. The gene-proximal strand transfer in this case occurs within one or two nucleotides of tRNA gene transcription initiation sites. In vivo it is likely that transcription factors TFIIIB and TFIIIC are essential for Ty3 targeting (28) (29) (30) . Furthermore, it has been See companion article on page 5891. *E-mail: sbsandme@uci.edu.
Potential deleterious retrovirus insertions fueled investigation into the mechanism of insertion site selection.
shown that yeast elements Ty1-4 target other genes transcribed by RNA polymerase III with similar patterns to those observed flanking tRNA genes (27, 30 Ty5 is distinct among the yeast elements. Originally identified as a degenerate element at the ends of Saccharomyces cerevisiae chromosomes (39), the Voytas laboratory recovered an active copy from Saccharomyces paradoxus and transferred it into S. cerevisiae (3) . In this context, they showed that Ty5 inserted into heterochromatic DNA (40) . Mutations in Sir3p or Sir4p that disrupted silencing of telomeric DNA also resulted in loss of targeting to silenced regions (41) . The pieces of the puzzle fell quickly into place. A targeting domain of 6 aa (TD), virtually at the Cterminus of Ty5 IN, was mapped, which was required for targeting (42) and which mediated interactions with a large C-terminal portion of Sir4p (43) .
In the current article (2), the Voytas laboratory accomplishes design-based integration. The strategy is outlined in Fig. 1 . They fused the LexA DNAbinding domain to one of several TDinteracting domains: first the C-terminal domain of Sir4p (Sir4pC). Next the 6-aa IN TD and the Sir4pC fusion domains were swapped with two pairs of heterologous partner domains. Such domains were carefully chosen to minimize disruption of IN. A 13-aa sequence in Rad9p mediates its interaction with a forkhead-associated domain (FHA1) in another DNA repair protein, Rad53p. A 12-aa domain in NpwBP mediates interaction with the WW domain of another nuclear protein Npw38. The Rad9p and NpwBP domains were substituted for the natural Ty5 TD. The partner interacting domains (i.e., FHA1 from Rad53p and WW from Npw38) were expressed fused to the LexA DNA-binding domain. Yeast were transformed with the synthetic Ty5 TD elements, constructs from which fusion DNAbinding domains were expressed, and a target plasmid containing LexA-binding sites embedded in Arabidopsis DNA. Target plasmids were recovered in Escherichia coli for analysis. For Ty5-TD and Ty5-Rad9p targeting, 26 integrant joints were sequenced and shown to be within 120 bp of LexA-binding sites, and of 18 further analyzed, all had the direct flanking repeats characteristic of bona fide integrants. In the case of targeting to Sir4p-, Rad53p FHA1-, and Npw38 WW-LexA fusions and target plasmids with four copies of the LexA operator, about one-sixth of transposition was into the target.
Many questions remain. For example, how does Ty5 access the DNA after docking at Sir4p? What is the distribution of the majority of (nontarget plasmid) Ty5 integrations? Do nonplasmid insertions default to random, to native Rad53p direction in the case of the Rad9p-based TD, or do natural, as yet unidentified, functions continue to operate on the Ty5 IN? Is it possible to generate integration that is more highly restricted, perhaps through the use of phage panning or slightly larger domains?
The experiments by Voytas suggest many new avenues for genome exploration. The occurrence of a compact and independent interaction domain in a retroviral-type IN of course poses the question of whether other such domains exist. In the case of Ty3, interactions between the N-terminal domain and TFIIIC subunit Tfc1p have been documented in vitro and are consistent with in vivo results (44) . Ty3 also has a relatively extended C-terminal domain that could interact with targeting proteins including TFIIIB subunits, but this has not been demonstrated. It seems likely that the S. cerevisiae Pseudoviridae element Ty1 will be targeted by some feature of chromatin which distinguishes regions directly upstream of tRNA genes (27) . An alignment of Metaviridae element IN C-terminal domains recently resulted in the identification of a chromodomain motif (24) . Tf1, a Schizosac- charomyces pombe element of this class has been shown to insert in inter-ORF spaces, apparently with preference for the region within 100-300 bp from the ORF initiation codon (45, 46) . Results of recent experiments suggest that Tf1 integration is actually targeted through interaction of the chromodomain with histone H3 methylated at K4 (H. Levin, National Institutes of Health, Bethesda, personal communication). These observations are exciting because they not only hint at the subtlety and diversity of integration specificity, but suggest that integration can be used to learn about chromatin structure as well as to manipulate the genome.
It is not clear to what extent retroviral proteins will be shown to interact with specific proteins for targeting in the manner observed for the yeast LTR retrotransposons. The C-terminal domain of characterized retroviral IN proteins has an SH3 structure and the SH3 motif mediates a wide variety of protein interactions albeit mostly having to do with signal transduction (47) . In addition, it has been shown that several chromatinrelated proteins enhance retroviral integration in vitro and potentially in vivo; one such case is INI1 (48) , and another is LEDGF͞p75 (49) . The recent findings in yeast are likely to encourage further exploration for proteins that contribute to the loosely defined preference of at least some retroviruses for insertion into transcriptionally active regions and into particular hotspots.
What are the lessons that could be applied to better laboratory retrovirus vectors, or even make safer therapeutic vectors? One observation, so obvious it can hardly be considered a lesson, is that relatively subtle changes are likely to be better tolerated by the virion. A second point is that the known structure of the C-terminal domain of retroviral IN might be used to identify positions actually within the IN, which are compatible with replacements or insertions of small TD cassettes. The Ty5 study underscores the findings from in vitro targeting studies with retroviral IN, namely that the C-terminal domain can deliver active IN to the integration site. Finally, although protein-protein mediation of IN docking does not have the reassuring simplicity of an IN that binds unique DNA sequences, it offers the rich combinatorial complexity of the natural proteome.
Clearly, much work remains to explore the mechanisms, implications, and applications of targeted retroviral integration. Integration by design in a model organism from the Voytas laboratory hints at the possibilities.
